Human immunodeficiency virus type 1 (HIV-1) and HIV-2 are genetically distinct viruses that each can cause AIDS. Approximately 1 million people are infected with both HIV-1 and HIV-2. Additionally, these two viruses use the same receptor and coreceptors and can therefore infect the same target cell populations. To explore potential genetic interactions, we first examined whether RNAs from HIV-1 and HIV-2 can be copackaged into the same virion. We used modified near-full-length viruses that each contained a green fluorescent protein gene (gfp) with a different inactivating mutation. Thus, a functional gfp could be reconstituted via recombination, which was used to detect the copackaging of HIV-1 and HIV-2 RNAs. The GFP-positive (GFP ؉ ) phenotype was detected in approximately 0.2% of the infection events, which was 35-fold lower than the intrasubtype HIV-1 rates. We isolated and characterized 54 GFP ؉ single-cell clones and determined that all of them contained proviruses with reconstituted gfp. We then mapped the general structures of the recombinant viruses and characterized the recombination junctions by DNA sequencing. We observed several different recombination patterns, including those that had crossovers only in gfp. The most common hybrid genomes had heterologous long terminal repeats. Although infrequent, crossovers in the viral sequences were also identified. Taken together, our study demonstrates that HIV-1 and HIV-2 can recombine, albeit at low frequencies. These observations indicate that multiple factors are likely to restrict the generation of viable hybrid HIV-1 and HIV-2 viruses. However, considering the large coinfected human population and the high viral load in patients, these rare events could provide the basis for the generation of novel human immunodeficiency viruses.
Retroviruses are unique among virus families in that they package two copies of the viral genome into one particle, with each RNA genome containing the complete information needed for viral replication (15, 31) . One of the consequences of this unique feature is that frequent recombination can occur during reverse transcription of the viral genome to generate a hybrid DNA containing portions of the genetic information from each of the copackaged RNAs (26) . Although recombination can occur through other means, such as DNA recombination, viral RNAs have to be copackaged into the same virus particle in order for retroviral recombination to occur during reverse transcription (26) .
Recombination plays important roles in the evolution of retroviruses. Recombination can occur between highly related viruses to reassort sequences, thereby increasing the diversity of the population and allowing the emergence of variants that are most fit for the particular selection pressures at a given time (2, 11, 13, 16, 27, 28, 33, 37, (39) (40) (41) 47) . Recombination can also occur between genetically similar viruses that are further apart in sequence identity than those in a viral population. Examples of these events are recombination between different subtypes of human immunodeficiency virus type 1 (HIV-1) (10, 20, 23) and recombination between endogenous and exogenous viruses related to murine leukemia virus (17, 34) . On rare occasions, recombination can also occur between genetically distinct but distantly related retroviruses to generate a novel chimeric virus. Phylogenetic analyses indicated that these events occurred in the past to generate novel simian immunodeficiency viruses (SIVs). An example of the progeny of such recombination is the SIV that infects chimpanzees (SIVcpz) (5) , the precursor of HIV-1 (19) ; SIVcpz is a chimera with the pol gene from SIV that infects red-capped mangabeys and the env gene from SIV that infects greater spot-nosed monkeys. It is thought that perhaps recombination occurred in chimpanzees dually infected with SIV that infects red-capped mangabeys and SIV that infects greater spot-nosed monkeys to generate a novel chimeric virus, SIVcpz.
Dual infection of distinct lentiviruses, namely, HIV-1 and HIV-2, also occurs in certain human populations. Although HIV-1 and HIV-2 can both cause AIDS (7, 12) , these viruses originated from two different SIVs that were transmitted to humans by independent zoonotic events (44) . The precursors of HIV-1 and HIV-2 are genetically distinct SIVs that inhabit different natural hosts: HIV-1 is from SIVcpz, whereas HIV-2 is from SIV that infects sooty mangabeys in nature (24) . Currently, HIV-1 infection is distributed worldwide, with an estimated 40 million people infected. The distribution of HIV-2 is more limited and is located mostly in West Africa and parts of India (29, 32) . Most of the geographic regions that have prevalent HIV-2 infections also have an HIV-1 epidemic. Infection by one of the AIDS viruses does not protect the host from the other virus (45) ; therefore, coinfection is not infrequent in certain geographic areas (21, 22) . It was estimated that 1 million people are dually infected with these two viruses (3) . Additionally, HIV-1 and HIV-2 use the same receptor and coreceptors for entry into cells (25, 38, 43) and thus target the same cell populations in the host. These properties suggest that in the dually infected population, it is likely that some cells can be infected by both HIV-1 and HIV-2, thereby providing opportunities for these two viruses to interact with each other.
HIV-1 and HIV-2 have similar genetic structures; however, they exhibit significant sequence variation. For example, the two virus strains used in this study contain only 55% nucleotide sequence identity in the viral genome and 54%, 55%, and 35% amino acid sequence identity in gag, pol, and env, respectively. Despite the sequence divergence, interactions between HIV-1 and HIV-2 in several experimental systems have been reported. It has been shown that HIV-2 can suppress HIV-1 expression by competing for the binding of Tat proteins (4, 9) . There are other examples of cross-recognition of the viral elements. For example, HIV-1 proteins can recognize and package HIV-2 RNA, albeit at a lower efficiency than that for packaging homologous RNA. This recognition is nonreciprocal; HIV-2 proteins do not specifically package HIV-1 RNA (30) . Recently, we demonstrated that HIV-1 and HIV-2 gag mutants can complement each other's function to rescue virus replication; furthermore, the Gag proteins from these two viruses can coassemble into the same virion (8) . Gag proteins interact with viral RNA to specifically encapsidate full-length viral RNA into virions (6, 35) . The coassembly of HIV-1 and HIV-2 Gag suggests that HIV-1 and HIV-2 RNAs can be copackaged into the same virus particles. If copackaging occurs, it is possible for recombination to take place during reverse transcription, which could generate a chimeric viral genome.
In this report, we sought to determine the genetic interactions between HIV-1 and HIV-2. We first examined whether HIV-1 and HIV-2 RNAs can be copackaged into the same virus particle by examining whether recombination can occur between a marker gene encoded by an HIV-1 vector and that encoded by an HIV-2 vector. After observing such events, we then examined whether recombination can occur in the viral genome of these two viruses and found that these recombination events do occur, albeit at low frequencies. These results reveal the potential and the barriers to recombination between genetically distinct viruses and provide insights into retroviral evolution, including the pathogens causing the current AIDS epidemic.
MATERIALS AND METHODS
Plasmids used in the study. HIV-1-based vectors pON-H0 and pON-T6 were described previously (41) . Briefly, these vectors were derived from pNL4-3 and carry functional gag-pol, tat, and rev genes. Each vector contains two marker genes inserted into nef; pON-H0 carries the mouse heat-stable antigen (HSA) gene (hsa) followed by the internal ribosomal entry site (IRES) from encephalomyocarditis virus and the green fluorescent protein (GFP) gene (gfp) with seven substitutions to generate three stop codons, the last of which is 15 bp downstream of the translation start site. Vector pON-T6 carries a mouse Thy1.2 gene (thy) followed by the IRES and gfp; gfp has a substitution and a ϩ1 inactivating frameshift, which is 603 bp from the translation start site. The reversion rates for both of these inactivating mutations are estimated to be very low (26, 36) and exceed the sensitivity of our assay. For clarity, pON-H0 is referred to as 1-H0G, whereas pON-T6 is referred to as 1-T6G.
HIV-2-based pHIV2-H0G and pHIV2-T6G were previously described (11) and were derived from HIV-2 ROD-12. These vectors contain functional gag-pol, vif, vpx, tat, and rev genes. Additionally, they contain the same markers and mutations in gfp as the HIV-1 vectors: hsa-IRES-gfp for HIV-2-H0G with the above-mentioned inactivating mutation 15 bp from the gfp translational start codon and thy-IRES-gfp for HIV-2-T6G with the above-mentioned inactivating mutation 603 bp from the gfp translational start codon. For clarity, pHIV2-H0G and pHIV2-T6G are referred to as 2-H0G and 2-T6G, respectively.
Plasmid pIIINL(AD8)env, a kind gift from Eric Freed, was derived from the AD8 strain of HIV-1 (18) and expresses HIV-1 Env, which uses CCR5 as a coreceptor. Plasmid pHCMV-G expresses the vesicular stomatitis virus G glycoprotein (46) .
Cell lines, transfection, infection, and flow cytometry. Hut/CCR5 is a human T-cell line; 293T is a human embryonic fibroblast cell line. Hut/CCR5 cells were maintained in RPMI 1640 medium, whereas 293T cells were maintained in Dulbecco's modified Eagle's medium, both supplemented with 10% fetal calf serum and antibiotics. All cell lines were grown in a humidified 37°C incubator with 5% CO 2 . Transfections were performed using the calcium phosphate method (42) . Viral supernatants were harvested and clarified through a 0.45-m-pore-size filter to remove cellular debris prior to infection. Infected cells were stained with phycoerythrin-conjugated anti-HSA antibody (BD Biosciences) and allophycocyanin-conjugated anti-Thy1.2 antibody (eBioscience). Flow cytometry analyses were performed using a FACSCalibur system, and data from flow cytometry were analyzed with Flowjo software (Tree Star). Cell sorting was performed using a FACSVantage SE system with the FACSDiVa digital option (BD Biosciences).
Generation of producer cells, recombination assay, and isolation of cells containing recombinant proviruses. To measure recombination between HIV-1 and HIV-2, we generated producer cell lines containing proviruses derived from HIV-1 and HIV-2. A vector plasmid and pHCMV-G were cotransfected into 293T cells. Viruses were harvested and used to infect fresh 293T cells at a low multiplicity of infection (MOI), generally between 0.1 and 0.05. Infected cells were enriched by cell sorting. These cells were then infected at a low MOI with a second virus derived from a different HIV that carries another marker. Cells containing both HIV-1 and HIV-2 proviruses were enriched by cell sorting until more than 95% of the cells expressed both HSA and Thy.
To measure the recombination rate, producer cells were transfected with plasmid pIIINL(AD8)env, which expresses HIV-1 Env. Viruses were harvested and used to infect Hut/CCR5 cells; infected cells were processed and analyzed by flow cytometry. The expression of HSA, Thy, or GFP indicated that the cells were infected, whereas GFP expression indicated that the proviruses in the infected cells had undergone recombination. The numbers of infected cells and cells that contained recombinant viruses were converted to MOI by Poisson distribution as previously described (41) . The GFP MOI divided by the infection MOI provided the recombination rate.
Single GFP-positive (GFP ϩ ) cell clones were isolated by cell sorting and expanded. Flow cytometry was performed to identify the expression of HSA and Thy; cell clones expressing both Thy and HSA were discarded, whereas cell clones expressing GFP and either Thy or HSA were analyzed. DNA was isolated from these cell clones and used as the template for PCR amplification of the proviral genomes.
Characterization of recombinant proviral structures. The gfp genes of the proviruses in isolated cell clones were first amplified using a forward primer in IRES and a reverse primer in the nef gene of either HIV-1 or HIV-2. These PCR fragments were characterized by restriction enzyme mapping and DNA sequencing. The sequence identity of parts of the recombinant proviruses was determined by eight sets of PCRs designed to amplify one but not both HIV-1 and HIV-2 sequences. Four of the reactions amplified a segment of the HIV-1 U5, nucleocapsid, reverse transcriptase (RT), or env region, whereas the other four reactions amplified a segment of HIV-2 R, matrix, integrase, or env. A large portion of the recombinant genomes was amplified by long PCR (Expand long template PCR system; Roche) with primers in gag and the long terminal repeat (LTR). These PCR products were characterized by restriction enzyme mapping and/or DNA sequencing.
RESULTS
System used to examine whether HIV-1 and HIV-2 RNAs can be copackaged into the same virion. Although it has been shown that HIV-1 proteins can package HIV-2 RNA and that HIV-1 and HIV-2 Gag proteins can coassemble into the same virion, it is not known whether the RNAs from these two viruses can be copackaged into the same virion. Retroviral recombination occurs during reverse transcription of the two copackaged RNAs; hence, recombination can be used to demonstrate the copackaging of viral RNAs. However, the HIV-1 and HIV-2 genomes are quite diverse, which could reduce the efficiency of homologous recombination. To examine whether HIV-1 and HIV-2 RNAs can be copackaged into the same virion, we used two near-full-length HIV-1 and HIV-2 vectors that each carry a mutated gfp gene, which is used as a surrogate target to detect recombination events. The structures of the HIV-1 and HIV-2 vectors are shown in Fig. 1A . Briefly, HIV-1-based vector 1-H0G expresses functional gag-pol, tat, and rev. Additionally, 1-H0G contains a functional hsa gene, IRES, and a nonfunctional gfp gene in the nef reading frame; the inactivating mutation is located at the 5Ј end of the gene. HIV-2-based vector 2-T6G expresses functional gag-pol, vif, vpx, tat, and rev. In its nef reading frame, 2-T6G also carries a functional thy, IRES, and a nonfunctional gfp with the inactivating mutation located at the 3Ј end of the gene. The distance between the two inactivating mutations in gfp is 588 nucleotides (nt). If HIV-1 and HIV-2 RNAs can be copackaged and recombination can occur within this 588-nt sequence, then a functional gfp can be reconstituted during this process. We have also used another pair of vectors, 1-T6G and 2-H0G, which are structurally identical to 1-H0G and 2-T6G, respectively, except that the encoded marker genes were switched (Fig. 1A) . A functional gfp can also be reconstituted during recombination of this second pair of viruses.
DNA recombination can occur during transfection by mechanisms distinct from those of retroviral recombination. To ensure that we were examining events occurring during viral replication and not those occurring during DNA transfection, we introduced the vectors into virus producer cells via infection rather than transfection. Producer cells containing HIV-1 and HIV-2 proviruses were generated by sequentially infecting the cells at a low MOI to reduce the presence of cells containing multiple proviruses from one vector (Fig. 1B) . Each producer cell line is a pool of doubly infected cells that contains approximately 100,000 independent infectious events, and more than 90% of the cells express the HSA and Thy markers and therefore are infected with both viruses.
We generated four independent cell lines, two containing 1-T6G and 2-H0G and two containing 1-H0G and 2-T6G. Neither the HIV-1 nor the HIV-2 vectors expressed functional Env; to generate infectious viruses, we transfected virus producer cells with a plasmid that expresses the HIV-1 CCR5-tropic Env. The resulting viruses were harvested, clarified, and used to infect human Hut/CCR5 cells, which were then processed and analyzed by flow cytometry. Infection events were scored by the expression of the Thy or HSA marker, whereas the recombination events were scored by GFP expression. Examples of flow cytometry analyses from one experiment are shown in Fig. 2 . Among the large numbers of infected cells, there were only few GFP ϩ cells; although they were rare, these GFP ϩ cells exhibited robust signals, and their numbers were consistently above background levels. Results from these four cell lines are summarized in Table 1 . Approximately 0.1 to 0.27% of the infectious events led to the generation of the GFP ϩ phenotype. Identification of the recombinant gfp gene in GFP ؉ cells. Our flow cytometry analyses indicated that the GFP ϩ phenotype was generated at a very low frequency among the infection events. To examine whether the phenotype was the result of a reconstituted functional gfp gene, we isolated single GFP ϩ cell clones by cell sorting. These sorted single cell clones were expanded, and their phenotypes were further examined by flow cytometry. Cell clones that were GFP negative or positive for all three markers (HSA ϩ /Thy ϩ /GFP ϩ ) were discarded; cell clones that were positive for all three markers were probably generated by double infection. GFP ϩ cell clones were isolated from infection using viruses generated from two separate virus producer cell lines, one infected with 1-T6G and 2-H0G and the other infected with 1-H0G and 2-T6G.
To examine whether the GFP ϩ cell clones contained functional reconstituted gfp genes, a portion of the provirus genomes containing the gfp gene was amplified by PCR and characterized by restriction enzyme mapping and DNA sequencing ( Fig. 3A and B) . Vectors 1-H0G and 2-H0G carried an hsa gene and a gfp gene with the inactivating mutations located 15 nt from the AUG of gfp; this mutation also generated an HpaI site in the vector (Fig. 3A) . Vector 1-T6G or 2-T6G carried a thy gene and a gfp gene with the inactivating mutation 603 nt from the AUG of gfp; this mutation also generated an SpeI site in the vector. If recombination resulted in the reconstitution of a functional gfp gene, this gene would not contain the HpaI or SpeI site (Fig. 3A) . We examined 54 GFP ϩ cell clones, all of which contained a reconstituted gfp gene; 13 of these clones also contained a parental, mutated gfp gene in addition to the reconstituted gfp. In addition to restriction enzyme mapping, we sequenced three of the PCR fragments that did not have the HpaI or SpeI site, and the results verified that these gfp genes indeed did not contain the inactivating mutations. Therefore, the GFP ϩ phenotype in these cell clones was generated by recombinant proviruses with functional gfp genes. These results indicated that HIV-1 and HIV-2 RNAs were copackaged into the same virus particle to allow recombination to occur.
Strategies to characterize the structures of the proviruses in GFP ؉ cells. The reconstitution of the gfp genes demonstrated that recombination can occur within a large region of homology (588 bp) in the HIV-1 and HIV-2 genomes. We sought to determine the general structures of proviruses that conferred the GFP ϩ phenotype as well as to ascertain whether other recombination events occurred in the viral sequences. To examine these two experimental questions, we characterized the proviral structures within 54 GFP ϩ cell clones. The low sequence identity between the HIV-1 and HIV-2 genomes hinders the development of PCR primers that efficiently amplify the genomes from both viruses. Therefore, we first probed the sequence identities of various portions of the proviruses by PCR using eight sets of primers specific for various regions of the HIV-1 or HIV-2 genome (Fig. 3C) . Results of these PCRs generated rough sketches of recombinant provirus sequence compositions. Using this information, we then amplified large segments of the provirus genomes by PCR and characterized these fragments by restriction enzyme mapping (Fig. 3D) . Additionally, all of the junctions of hybrid sequences were verified by DNA sequencing (Fig. 3E) . Data collected from these analyses were compiled to construct the general structures of the recombinant proviruses.
We observed six classes of recombinants: (i) recombinants with viral sequences from one parent and crossovers in IRESgfp; (ii) recombinants with heterologous LTRs; (iii) recombinants with heterologous LTRs and additional deletions; (iv) a provirus with hybrid env, tat, and rev; (v) recombinants with additional LTR and nef sequences; and (vi) a recombinant with additional U3 and nef sequences. The structures and possible mechanisms that generated these recombinants are described below.
Recombinants with viral sequences from one parent and crossovers in IRES-gfp. Of the 54 GFP ϩ cell clones, 32 contained proviruses with viral sequences identical to that of one of the parental vectors except that the gfp genes were reconstituted by recombination. The structures of these viruses are shown in Fig. 4A as P1, P2, and P3. Except for the functional gfp genes, P1 resembled 1-H0G, whereas P2 and P3 resembled 1-T6G and 2-H0G, the parental viruses used in the experiments that yielded these recombinants. Of the 54 cell clones, 22 had P1, 6 had P2, and 4 had P3 patterns. Based on the structures of the recombinants, we propose that each recombinant was generated by two crossover events. For example, P1 is likely to be generated in the following manner (Fig. 4B) . In the copackaged RNAs, DNA synthesis was initiated from HIV-1 RNA, U5-R was copied and transferred intramolecularly into the 3Ј end of the genome, and DNA synthesis was continued. The first crossover occurred between the two gfpinactivating mutations to yield a reconstituted, functional gfp.
The second crossover occurred in IRES so that RT switched back to the HIV-1 RNA and copied the rest of the IRES, hsa, and the remaining HIV-1 sequences. We propose that similar mechanisms generated P2 and P3, as illustrated in Fig. 4C and D.
Hybrid viruses with LTRs from heterologous viruses. A second category of the recombinants contained the LTRs and part of the nef from one virus and the rest of the viral sequences from the other virus. Two examples of these viruses are shown in Fig. 5A as LTR insert 1 (LTR-1) and LTR-2. Of the 54 clones analyzed, 13 had LTR-1 and 1 had LTR-2 proviruses; three other clones had related structures with additional deletions (Fig. 5B) . Based on the structure of LTR-1, we postulate that minus-strand DNA synthesis was initiated in HIV-2 RNA (Fig. 5C ) and was transferred intramolecularly. RT continued DNA synthesis to reconstitute the HIV-2 LTR, copied HIV-2 nef and a part of gfp, and then switched tem- plates between the two inactivating mutations to generate a functional gfp. RT proceeded to copy the rest of the HIV-1 genome, plus-strand DNA transfer occurred using the primer binding site (PBS) sequences, and DNA synthesis was completed on both strands to generate the LTR-1 structure. To further analyze the junctions of the HIV-1 and HIV-2 sequences, we amplified and sequenced a portion of the 5Ј LTR, the 5Ј untranslated region, and a portion of gag of some proviruses. As shown in Fig. 5D , the sequence junction between HIV-1 and HIV-2 is the PBS; the PBS sequences are identical in the HIV-1 and HIV-2 strains used in these experiments. The sequences confirmed that plus-strand transfer occurred using the PBS to join the HIV-2 LTR and the 5Ј untranslated region of the HIV-1 genome.
DNA sequencing analyses of LTR-2 confirmed that, much like LTR-1, the PBS also bridged the junction between HIV-2 and HIV-1 sequences (data not shown). We postulate that the LTR-2 provirus was generated in a similar manner except that three template-switching events occurred in or near the gfp gene (Fig. 5E) . Three other proviruses, termed LTR-del-1, LTR-del-2, and LTR-del-3 ( Fig. 5B) , had structures related to LTR-1 or LTR-2; however, they contained additional deletions in the thy or the env region. The deletions in the thy genes of LTR-del-1 and LTR-del-2 also explained the HSA Ϫ /Thy Ϫ / GFP ϩ phenotype of these cell clones. Provirus with hybrid tat, rev, and env genes. During the analyses of progeny from producer cells containing the 1-T6G and 2-H0G parental viruses, we identified a GFP ϩ cell clone doubly infected with 1-T6G and a recombinant virus that contained a functional gfp, HIV-2 LTRs, and part of the HIV-2 genome but that did not have portions of HIV-2 env. To further characterize this recombinant, we amplified its genome by using a forward primer annealed to HIV-2 gag and a reverse primer annealed to HIV-2 U3; because the coinfected virus contained HIV-1 sequences, it could not be amplified by these primers. The resulting PCR fragment was mapped and sequenced; these results revealed that this recombinant contained hybrid tat, rev, and env sequences. The general structure of this recombinant is shown in Fig. 6A , and a portion of the recombination junction sequences is shown in Fig. 6B . This recombinant had LTRs, gag-pol, and the first exons of tat and rev from HIV-2; it also had a portion of HIV-1 env and the second exons of tat and rev from HIV-1, followed by thy, the IRES, and a functional gfp. DNA sequencing analyses demonstrated that there were approximately 75 bp between the HIV-1 and HIV-2 sequences (Fig. 6B) that encompassed a poly(T) stretch (approximately 67 bp) and the GCTAAACA sequence. The poly(T) stretch was most likely generated from the poly(A) tail of the RNAs. The GCTAAACA sequence can be found in both the HIV-1 (gag) and the HIV-2 (vif/vpx) genomes; however, it could also be from nonviral RNAs. We postulate two possible mechanisms by which the viral DNA could be generated; these mechanisms are illustrated in Fig.  6C and D.
First, this recombinant could have been generated from template switching during minus-strand DNA synthesis (Fig. 6C) . Reverse transcription could initiate from the HIV-2 genome and then transfer intramolecularly to regenerate the HIV-2 LTRs; RT switched templates in gfp, avoided the two inactivating mutations, and then copied IRES, thy, and part of env in the HIV-1 RNA. RT then switched to copy a cDNA that was reverse transcribed from a poly(A) RNA, resulting in the addition of a 75-bp sequence; RT then switched back to the HIV-2 RNA and proceeded to copy the rest of the HIV-2 RNA. It is unclear whether the poly(T) sequence and the GCTAAACA sequence originated from one continuous tem- plate; hence, question marks were placed between the sequences in Fig. 6C and D.
Alternatively, this recombinant could have been generated by template switching during plus-strand DNA synthesis (Fig.  6D) . In this scenario, minus-strand DNA synthesis was completed in the HIV-2 genome, and at least part of the HIV-1 RNA was reverse transcribed into minus-strand DNA. Plusstrand DNA transfer successfully occurred in the HIV-2 genome, and RT continued to synthesize plus-strand DNA using HIV-2 minus-strand DNA as a template and copied gag-pol and the 5Ј portion of env. Afterwards, RT switched to copy the poly(A) tail of an RNA molecule, resulting in the addition of the poly(T) and the GCTAAACA sequences; switched to using HIV-1 minus-strand DNA as a template; synthesized part of env, thy, IRES, and part of gfp; and switched back to HIV-2 minus-strand DNA to reconstitute a functional gfp. The resulting DNA had a large segment of mismatched sequence between the very 5Ј end of env to the IRES region. DNA repair corrected the sequences according to the plus-strand sequence and resulted in the hybrid that we observed. Therefore, this recombinant could have been generated during either minusstrand or plus-strand DNA synthesis; we could not distinguish between these two possibilities based on the structure and sequence of this recombinant.
HIV-1 proviruses with insertions of HIV-2 nef and the LTR. We isolated three clones with proviruses that had structures resembling those of HIV-1 parental virus 1-T6G but that contained a functional gfp and sequences from HIV-2 nef and an LTR inserted between gfp and the HIV-1 3Ј LTR. Proviruses in these three cell clones were similar but contained distinct junctions; the general structures of these proviruses are shown in Fig. 7A . Portions of the three proviruses were sequenced, and the junctions for provirus LTR insert 1 are shown in Fig.  7B . In this provirus, the gfp sequence was connected with HIV-2 nef exactly as it was in the HIV-2 vector, followed by the entire HIV-2 LTR (Fig. 7B) . At the end of the HIV-2 LTR was a 37-bp sequence complementary to human tRNA 3 Lys , with the first 18 bp identical to the PBS of the two virus strains used in these experiments. The last two bases of this 37-bp sequence were AG, which is a short homology region shared with the last 5 bp of the gfp gene, followed by HIV-1 nef and LTR (Fig. 7B) . The insertion of a complete LTR suggests that viral DNA, and not viral RNA, was the template for the inserted sequences. Furthermore, the insertion of a sequence complementary to tRNA 3 Lys indicated that part of the primer was copied during plus-strand DNA synthesis. Therefore, it is most likely that a recombination event during plus-strand DNA synthesis generated this recombinant. We propose that minus-strand DNA synthesis initiated at both copackaged HIV-1 and HIV-2 RNAs, intramolecular transfer occurred on both genomes, and extensions of minus-strand DNA synthesis resulted in the reconstitution of both LTRs (Fig. 7C) . DNA synthesis continued in the HIV-1 genome to complete minus-strand DNA; following plus-strand DNA transfer, DNA synthesis continued to copy gag-pol, env, thy, and the IRES. During the synthesis of gfp, RT switched to the gfp gene in the HIV-2 minus-strand DNA and copied the rest of gfp, HIV-2 nef, and the HIV-2 LTR. At the end of the LTR, RT continued to copy 37 bp using the tRNA primer as a template and then switched back to the HIV-1 minus-strand DNA and copied nef and the HIV-1 LTR. The resulting DNA had a large insertion in the plus-strand DNA; DNA repair corrected the sequences according to the plus-strand DNA to generate the LTR-1 structure.
The provirus structure of LTR insert 2 was very similar to that of LTR insert 1 except that it contained a 13-bp insert of unknown origin that connected to the HIV-1 nef sequence, suggesting that this recombinant was generated by a mechanism similar to that which produced LTR insert 1. The 13-bp sequence (TGGTGCCCCGTGT) was not in the HIV-1 or HIV-2 vector genome, but the first half resembled the first part of the PBS sequence (TGGCGCCC). It is unclear whether this 13 bp was from a single template or more than one template. LTR insert 3 contained an insertion of nef and most of the HIV-2 LTR except that the last 30 bp of U5 was absent; instead, the HIV-2 U5 sequence was directly connected to the 3Ј end of the gfp gene in the HIV-1 template. The transfer junction of the HIV-2 and gfp sequences shared a 4-bp (ACCG) homology, which was likely used to facilitate the transfer. Taken together, these three proviruses had similar structures, suggesting that they were generated by recombination events during plus-strand DNA synthesis.
HIV-1 provirus with insertion of HIV-2 nef and U3 sequences. We identified a provirus with a structure identical to that of parental virus strain 1-H0G except that it carried a functional gfp and an insertion containing HIV-2 nef and U3 sequences (Fig. 8A) . The junction between the HIV-2 U3 sequence and the HIV-1 nef sequence shared homology of a single nucleotide (C). Although this recombinant was structurally similar to the LTR insertion proviruses shown in Fig. 7 , the insertion was limited to the U3 region and did not expand to the entire LTR; thus, it is unclear whether this recombinant was generated via crossover events during plus-strand DNA synthesis. There are at least three mechanisms that could have generated this recombinant: crossover during minus-strand DNA synthesis (Fig. 8B) , crossover during plus-strand DNA synthesis (Fig. 8C) , or a combination of crossovers during both minus-strand and plus-strand DNA synthesis (Fig. 8D) .
In summary, these results illustrate that recombination can occur between the HIV-1 and HIV-2 genomes not only in the inserted gfp marker gene but also elsewhere in the viral sequences. Therefore, these two human AIDS viruses are capable of interacting with each other genetically.
DISCUSSION
In this report, we sought to determine the potential for genetic interactions between HIV-1 and HIV-2. Using a surrogate marker gene present in both HIV-1 and HIV-2 vectors, we demonstrated that recombination can occur in the marker genes encoded by these two viruses. These results demonstrated that HIV-1 and HIV-2 RNAs can be copackaged into the same virion. During analyses of the proviruses, we observed that other recombination events occurred to generate chimeric viruses containing sequences from HIV-1 and HIV-2. Therefore, recombination can occur within the viral sequences as well, albeit at very low frequencies. To our knowledge, this is the first demonstration that HIV-1 and HIV-2 RNAs can be copackaged into the same virus and that recombination can occur during reverse transcription to generate HIV-1/HIV-2 chimeric viruses.
Estimating the frequency of HIV-1 and HIV-2 RNA copackaging. To estimate the frequency of HIV-1 and HIV-2 RNA copackaging, we inserted a mutant gfp marker gene into each vector; the sequences of the gfp genes in all vectors were identical except for the inactivating mutations. Using similar systems, we previously showed that GFP ϩ phenotypes were Lys ; boldface black type, sequence identical to the PBS; underlined black type, homology shared by the inserted sequence and gfp; blue type, sequence of HIV-1 nef. (C) Proposed mechanism for the generation of these recombinants.
generated in approximately 7% of the infection events when two homologous HIV-1 or two homologous HIV-2 vectors were used (11, 41) . In this study, approximately 0.2% of infection events generated the GFP ϩ phenotype. Therefore, the appearance of the GFP ϩ phenotype in current system is approximately 35-fold lower than that between two homologous HIV-1 or HIV-2 viruses. At this time, technical limitations prevent the direct measurement of the frequency of HIV-1 and HIV-2 viral genome copackaging. However, we can estimate the frequency of such events, because the gfp gene was used to measure recombination and copackaging. With the assumption that the frequencies of template switching between the two gfp genes were similar in the above-mentioned systems, the copackaging of HIV-1 and HIV-2 viral RNAs should be approximately 35-fold lower than that of homologous viruses. Previously, we showed that the RNAs of homologous HIV-1 are assorted in a near-random manner and that heterozygous virions are formed efficiently (40) . When two parental proviruses are expressed at similar efficiencies and assortment of RNAs is random, heterozygous virions occupy 50% of the viral population. With the above-described assumption and calculations, heterozygous virions containing copackaged HIV-1 and HIV-2 RNAs would be formed in approximately 1.4% of the viral population [(50/35)%].
Estimating the frequency of recombination between the HIV-1 and HIV-2 genomes. Previously, we used the frequency of gfp reconstitution to measure the recombination rates of homologous viruses (11, 41) . However, because of the high sequence diversity between HIV-1 and HIV-2, the frequency of the GFP ϩ phenotype would not correctly reflect the recombination rate. Instead, the recombination frequency between these two viruses is likely to be much lower. The overall nucleotide sequence identity between the HIV-1 and HIV-2 strains that we used is 55%, and the nucleotide identities between the gag, pol, and env genes are 60%, 62%, and 50%, respectively. Our results indicate that this low sequence identity presents a barrier for the generation of chimeric viruses. A large portion of the GFP ϩ recombinants (32 of the 54 analyzed) did not contain chimeric viral sequences. The most common chimeric viruses that we observed were those with heterologous LTRs (17 of the 54 viruses analyzed) (Fig. 5) . The largest homology stretch between the HIV-1 and HIV-2 strains that we used was a 23-bp region including the PBS. This stretch of homology facilitated successful plus-strand DNA transfer to generate recombinants with LTRs from the heterologous virus. In 5 of the 54 recombinants analyzed, we did observe recombination in the viral genomes between the two LTRs. These events involved mostly short stretches of homology in viral or cellular sequences. A correlation between reduced frequency of RT template switching and lower sequence identities of the two templates was previously shown; such switching is largely blocked when the two templates have 70% sequence homology (1). We observed far more recombination events within the gfp marker genes than within the viral genomes; this result is consistent with the reduced sequence identity and the observed template-switching event. Therefore, the recombination frequencies between HIV-1 and HIV-2 are far lower than that predicted by the GFP ϩ phenotype. The insertion of the gfp gene into both viruses generated a large homology region not present in the HIV-1 and HIV-2 genomes. This homology probably played a role in the generation of recombinants with crossovers in gfp only (Fig. 4) and partially facilitated the generation of viruses with heterologous LTRs (Fig. 5) . However, there is no evidence to suggest that the added gfp sequence facilitated the generation of the five viruses with hybrid sequences (Fig. 6, 7, and 8) . Therefore, of the 54 proviruses that we analyzed, 5 viruses with hybrid sequences were generated from mechanisms unrelated to the inserted gfp homology. These results imply that without the added homology, 9% (5/54) of the observed copackaged viruses could generate hybrid viral genomes. We estimate that 1.4% of the viruses generated from dually infected cells had copackaged HIV-1 and HIV-2 RNAs and that approximately 0.13% (9% ϫ 1.4%) of the viruses generated from these cells could have hybrid sequences. Therefore, only 1 in 1,000 viruses generated from coinfected cells is a recombinant with hybrid sequences.
Limitations and barriers for the generation of viable HIV-1 and HIV-2 hybrid viruses. The potential recombination between HIV-1 and HIV-2 was previously studied using a dually infected population (14) . In that study, samples from dually infected patients were examined using PCR primers located in the env region, and recombination was not observed within this region in these patients. In our system, we examined events that occurred after one round of viral replication, and the selection criterion for the recombinant was the expression of a functional gfp gene. Hence, the functions of gag-pol and many other gene products required for virus replication were not selected. The viral promoter and the tat gene were selected, since gfp could be expressed from a spliced message, Revresponsive element, and the rev gene was not selected. Most of the recombinants that we observed are probably not capable of replication on their own. Therefore, the generation of a viable chimeric virus from two genetically distinct viruses faces many requirements and barriers. The RNAs of these viruses must be copackaged together, template switching must occur during reverse transcription, and all of the components of the resulting chimeric virus must work together to generate a virus capable of replication. In this report, we have shown that copackaging is likely to be a low-frequency event, and low sequence identity is also likely to be a barrier in two aspects. First, it prevents recombination from occurring, and second, most of the recombination events observed occurred within short homology sequences, which significantly reduces the possibility of transferring to the counterpart of the copackaged genome, thereby decreasing the probability of generating a functional chimera. The low sequence identity could also present difficulties for various parts of the viral genomes working together to form a replication-competent virus. Therefore, the frequency of generating a replication-competent chimeric virus is expected to be far lower than the recombination frequency. However, phylogenetic studies of SIVs have indicated that such low-frequency events have occurred previously (5) . Such chimeric HIV-1 and HIV-2 viruses have yet to be observed in the infected population. It is unclear whether the lack of observed chimeras is due to the divergence between HIV-1 and HIV-2 being too great for such an event to occur or whether such events could occur but have not yet been observed. Given the number of coinfected people, the potential for interactions between HIV-1 and HIV-2 should not be ignored.
